Background/Objectives: Plasma zinc concentration is the preferred biomarker of zinc status, but the time of day and time since previous meals can modify the results. Measuring fasting plasma zinc concentration is not feasible among young children, so adjustments need to be developed for interpreting results. Our objective is to develop correction factors to adjust for the effects of time of day and interval since the previous meal when measuring plasma zinc concentrations of young children. Subjects/Methods: We measured plasma zinc concentrations among young Peruvian (n ¼ 297) and Ecuadorian (n ¼ 466) children, and constructed regression models adjusting for time of day, interval since previous meal and infections. Results: Plasma zinc concentrations were positively related to the number of hours since the previous meal in the Peru trial (r ¼ 0.22, Po0.0001) and negatively related to the time of day of blood sampling in both Peru (r ¼ À0.24, Po0.0001) and Ecuador (r ¼ À0.18, Po0.001). In multivariate models, plasma zinc concentrations were B2 mg per 100 ml less for each hour later in the morning when blood samples were collected, in both populations, and concentrations were B1.0 mg per 100 ml greater for every hour since previous meal consumption in Peru. The percentage of children with low plasma zinc concentrations varied according to both these factors. Conclusions: The time of day and the interval since the preceding meal should be recorded when measuring plasma zinc concentration and incorporated into the statistical analysis and interpretation when assessing population zinc status.
Introduction
Plasma zinc concentration is the most widely accepted biomarker of zinc status (Brown et al., 2004 ; WHO/ UNICEF/IAEA/IZiNCG, 2007; Lowe et al., 2009) . Research in adult volunteers indicates that plasma zinc concentrations decrease during periods of dietary zinc restriction (Baer and King, 1984; Van Loan et al., 1999; King et al., 2001; Lowe et al., 2004) . Supplementation studies in both adults (Sullivan et al., 1998; Cao and Cousins, 2000) and children (Sazawal et al., 1998; Dijkhuizen et al., 2001; Brown et al., 2002; Penny et al., 2004; Berger et al., 2006) show that individuals who receive zinc supplements have significantly increased plasma zinc concentrations compared with control subjects. These results indicate that plasma zinc concentration is a useful biomarker of recent zinc intake, so that the distribution of plasma zinc concentration can be used as an indicator of a population's risk of inadequate zinc intake and zinc deficiency. The IZiNCG suggests that populations in which 420% of individuals have plasma zinc concentrations less than established reference values have an elevated risk of zinc deficiency (Brown et al., 2004) .
The usefulness of plasma zinc concentration as an indicator of population zinc status is somewhat limited, however, by the facts that individual age, infections (Brown et al., 1993) , stress (Gaetke et al., 1997) , hypoalbuminemia (Solomons, 1979) , time of day and recent food intake (Hambidge et al., 1989; Hotz et al., 2003) can modify circulating zinc levels. Thus, these factors must be considered when collecting samples for plasma zinc concentration and interpreting their results. Available reference values were established by accounting for fasting status (48 h), time of day (morning or afternoon/evening), age and sex (Hotz et al., 2003; Brown et al., 2004) . Although it is generally recommended to obtain blood samples early in the morning from fasting individuals for measuring plasma zinc concentrations, this is not usually feasible in community-based studies of young children. The degree to which plasma zinc concentration is affected by these factors in young children from a community-based setting is uncertain. Therefore, we examined the results from two community-based zinc supplementation trials conducted among young children in Peru and Ecuador to quantify the magnitude of the effects of time of blood sample collection, and, in the Peru study, the interval since the previous meal, on plasma zinc concentrations and the impact on prevalence of low plasma zinc concentrations. We hypothesized that plasma zinc concentrations would be: (1) positively associated with the interval since previous meal; and (2) negatively associated with the time of day of blood sampling.
Methods
In the Peru study, 302 children residing in lower-income communities of the northern coastal city of Trujillo were enrolled in a randomized, double-masked, community-based zinc intervention trial . The children's initial age was 6-8 months and their length-for-age Z-scores were oÀ0.5. Children were randomly assigned to receive either 3 mg additional zinc per day for 6 months (in a liquid supplement or a fortified complementary food) or a placebo (no added zinc in the food or supplement). The purpose of the study was to examine the effects of the mode of delivery of zinc on the children's growth, morbidity, appetite, body composition and plasma concentrations of zinc and hormones involved in energy balance. These results have been reported previously (Arsenault et al., , 2008 Brown et al., 2007) . Pre-and post-intervention data are included in the current analyses.
In the Ecuador study, 631 children with initial ages of 12-30 months and length-for-age Z-scores oÀ1.3 were enrolled in a zinc supplementation dose-response trial for 6 months. Details on that trial were reported previously (Wuehler et al., 2008) . As several different doses of zinc supplements were provided in the Ecuador study, only the pre-intervention data are included in the current analyses. The research protocols were approved by the Institutional Review Board of the University of California (Davis, CA, USA) and the respective local institutional review boards in Peru (Instituto de Investigació n Nutricional, Lima) or Ecuador (Corporació n Ecuatoriana de Biotecnología, Quito).
In the Peru study, venous blood samples were obtained at the beginning and end of the 6-month intervention period. All subjects were transported to the study center between 0700 and 0800 hours and samples were drawn using one of the two protocols. Among those infants who participated in studies of energy-balance hormones, the blood samples were collected exactly 90 min after a monitored breast feed. For the other infants, the samples were collected shortly after arriving at the center and were not standardized in relation to food intake, but the time of the sample and the mother's recall of the time of the most recent food or milk intake were recorded. In the Ecuador study, venous blood samples were collected between 0700 and 1300 hours, and the time of collection was recorded. The mothers were requested not to feed the children within 2 h of the blood draw; however, the time of the most recent food intake was not recorded.
All blood samples were collected in trace-element free tubes. Blood collection supplies were maintained in sealed containers and work surfaces were thoroughly cleaned to avoid contamination. Blood samples were centrifuged immediately. The plasma was separated and stored frozen at À20 1C in the field office and later transported to University of California on dry ice for laboratory analyses. Plasma zinc concentration was measured by inductively coupled plasma atomic emission spectrometry (Agilent 7500C; Agilent Technologies, Palo Alto, CA, USA). C-reactive protein (CRP) concentration was measured by radial immunoassay (The Binding Site, San Diego, CA, USA). The cutoff for low plasma zinc concentration was 65 mg per 100 ml. CRP concentration was considered elevated if 410 mg/l.
When the children were acutely ill with diarrhea or fever on the day of a scheduled blood drawing, the sample collection was post-poned until the symptoms resolved. However, there were cases where the mother reported morbidity on the day of blood sampling during subsequent routine home surveillance usually within 1-3 days and these children were included in the analyses. Diarrhea was defined as X3 loose or liquid stools per day.
Statistical analysis was performed with SAS (v8.0, SAS Institute Inc., Cary, NC, USA). For the Peru study, repeated measures analysis of covariance (PROC MIXED) was used to identify factors associated with plasma zinc concentration.
Covariates of interest were: child age and sex, treatment group, period (pre-or post-intervention), group Â period interaction, socioeconomic status, minutes since previous feeding, time of day of blood sampling, presence of elevated CRP and reported symptoms of illness. For the Ecuador study, analysis of covariance (PROC GLM) was used to assess the effect on plasma zinc concentrations of the following variables: child age and sex, time of day of blood sampling, presence of elevated CRP and socioeconomic status. Socioeconomic status data were reduced using factor analysis, and an index variable was created representing primarily housing quality factors based on a ranking of 0-10. Nonsignificant variables were removed in a stepwise manner until all remaining variables in the model had a P-value o0.05.
To quantify the effects on plasma zinc concentration of significant covariates of interest (for example, time of day), a reference value for the covariate (for example, 0800 hours) was selected, and plasma zinc concentrations were adjusted by multiplying the difference between the subjects' actual value of the covariate by the b-coefficient for that covariate, and then subtracting this from the subjects' actual plasma zinc concentration. The adjusted plasma zinc concentrations represent the concentrations as if all individuals had the reference value of the covariate of interest.
Results
In the Peru trial, 297 of 302 children had at least one measurement of plasma zinc and no missing information on the other variables of interest and were included in these analyses. In the Ecuador study, 579 of the 631 enrolled children had valid plasma zinc data at the start of the intervention trial, and 466 of these children had no missing information on the other variables of interest; most of the excluded children were missing the time of day of blood sampling. Characteristics of the children included in these analyses are displayed in Table 1 . Children in both populations had mild-to-moderate stunting, but owing to selection criteria, the Ecuadorian children were somewhat older and smaller for their age than the Peruvian children.
The overall mean plasma zinc concentration of the children in Peru was 77.9 ± 14.5 mg per 100 ml, and in Ecuador it was 73.3 ± 14.7 mg per 100 ml. The Peru data included plasma zinc concentrations at the end of the zinc intervention, but the overall mean plasma zinc concentrations pre-and post-intervention did not differ. In both studies, children with elevated CRP concentrations had lower plasma zinc concentrations than those with normal CRP. In Peru, children with reported fever on the day of blood sampling had lower plasma zinc concentrations, and children with both elevated CRP and fever had the lowest concentrations (Table 2) . Morbidity on the day of blood sampling could not be examined in the Ecuador cohort because data were available for only 183 of the children.
In the Peru study, there was a positive correlation between plasma zinc concentrations and the number of hours since the previous meal (r ¼ 0.22, Po0.0001). The previous meal usually consisted of breast milk (85% of children), although some of the children consumed cow milk (13%) or solid food (2%). The average number of hours since the previous meal was 2.3 ± 1.6 (range 0-12.3). Owing to the protocol for collecting blood for plasma hormone levels, children enrolled in these latter studies (48% of total) were fed exactly 1.5 h before the blood sampling.
In both studies, there was a negative association between plasma zinc concentrations and the time of day of blood sampling (Figures 1 and 2) . The average time of blood sampling in the Peru and Ecuador studies, respectively, were 0859 ± 1.1 h (range 0630-1130 hours) and 0949 ± 1.2 h (range 0728-1255 hours).
In a multivariate model of the Peru data, the time since the previous meal and socioeconomic status were positively associated with plasma zinc, and the time of day of blood sampling, CRP status and reported fever were inversely related to plasma zinc concentrations (Table 3 ). In the Ecuador study, socioeconomic status was positively associated with plasma zinc, and the time of day of blood sampling and elevated CRP were inversely related to plasma zinc concentrations. To quantify the effects of these factors on plasma zinc, these results were adjusted using the coefficients from the respective regression models (Table 4) . In both studies if the time of blood sampling were standardized to 0800 hours compared with 1000 hours, the mean plasma zinc concentrations were B4 mg per 100 ml greater, and the prevalence of low plasma zinc concentrations with respect to the reference population cutoffs was B8-10 percentage points less. In the Peru study, plasma zinc concentrations were approximately 1 mg per 100 ml higher for every hour since the previous meal, and the prevalence of low plasma zinc was B10% if the blood sampling occurred 6 h after feeding vs 16% if the blood were drawn 2 h after feeding. Means are calculated using the total number of observations (plasma zinc measurements, n ¼ 516), not the total number of children (n ¼ 297).
Discussion
This study shows that the time of day of blood sampling and the time interval since the previous meal are both associated with plasma zinc concentrations. Additional factors associated with plasma zinc concentrations are elevated CRP concentration, reported fever on the day of the sampling and household socioeconomic status.
In the Peru study, after controlling for all these factors in the analysis, the plasma zinc concentrations were B2 mg per 100 ml less for each hour later in the morning when blood samples were collected, and the plasma zinc concentrations were B1 mg per 100 ml greater for each additional hour following the previous meal. The effect of the time of day of blood sampling was of similar magnitude in the Ecuador study. 
Factors affecting plasma zinc JE Arsenault et al
Our findings of lower plasma zinc concentrations in the presence of infection agree with the results of other studies in young children (Brown et al., 1993; Wieringa et al., 2002; Kongsbak et al., 2006) . For example, a previous study of young Peruvian children found that serum zinc concentrations were 11% less among children with elevated CRP or leukocyte count than among children who displayed neither of these indicators of infection (Po0.05) (Brown et al., 1993) . Kongsbak et al. (2006) reported an inverse relationship between serum CRP and zinc concentrations in Bangladeshi children, after controlling for other factors, such as age and maternal education. The prevalence of low serum zinc concentrations decreased from 59 to 50% after correcting for CRP concentrations. In a study of Indonesian infants, children with elevated CRP had 12% lower mean plasma zinc values than those with normal CRP or alpha 1-acid glycoprotein (Po0.01) (Wieringa et al., 2002) . In our studies, mean plasma zinc concentrations were 6-7% lower in the children with elevated CRP than those with normal CRP. After adjusting for CRP in multivariate models, the prevalence of low zinc concentrations decreased by B2%. The degree to which infection affects the proportion of the population with low zinc values will depend on the prevalence and severity of infection in the population and the prevalence of low zinc concentrations.
Clinical studies have reported a diurnal pattern of plasma zinc concentrations. Repeated measures of plasma zinc concentrations in human subjects over a 24-h period show a steady decline following meals, with the lowest levels occurring after the evening meal, followed by an overnight increase until the following morning (Hambidge et al., 1989; Wallock et al., 1993) . Metabolic changes occurring after meals result in a movement of zinc from circulation to tissues, although the exact mechanism is unclear (Wallock et al., 1993) . Although we measured plasma zinc concentration only once during the day, our results generally concur Adjusted plasma zinc using coefficients from final multivariate models (in Table 3 ). b Insufficient cases of reported fever to include in analysis.
with the results of these earlier studies in that we found higher plasma zinc concentrations with a longer lapse since the previous meal. We also found lower plasma zinc concentrations when blood was sampled later in the morning. It is possible that the inverse association between time of sampling and plasma zinc may be due to the meal effect. However, when we repeated the analysis including only children who had a meal within 1-2 h of the blood sampling, there was still a significant inverse relationship between the time of sampling and plasma zinc concentration, which was of similar magnitude to that which we found with the entire cohort. Thus, the relationship between plasma zinc concentrations and the time of day seems to be independent of the timing of the previous meal. Our data are limited to morning blood sampling only, so we cannot extrapolate the effect of time of day to afternoon or evening blood sampling.
Ideally, to minimize variability in plasma zinc concentrations due to these variables, it would be advisable to collect blood samples from all individuals at a specified time of day and consistent interval after meal consumption. In many situations, it might not be feasible to monitor meal consumption before blood sampling, but it should be possible to collect recall information on the time of last meal to include as a covariate in statistical analysis. If it is feasible, blood should be collected at a specified time of the day, if not then the time should also be recorded.
The potential impact of controlling for the time of blood sampling and the elapsed period since the previous meal may vary somewhat depending on the primary reason for measuring plasma zinc concentrations. If the primary purpose is to determine the proportion of the population at risk of zinc deficiency (with plasma zinc concentrations below a reference cutoff value), the results would need to be adjusted to a particular time of the day and interval since the previous meal or different cutoffs would be needed that are specific for these factors. Our results from the Ecuador cohort show that if the time of blood sampling were standardized to 0800 hours, the prevalence of low plasma zinc concentrations decreased from 30 to 20%. If the purpose of measuring plasma zinc concentration is to assess the impact of a zinc intervention trial, controlling for the time-of-day and mealrelated variables in a regression model reduces the variability of plasma zinc concentrations owing to these factors and may reduce confounding, which could affect the ability to detect a response to the intervention. For example, if the time-of-day and meal-related variables differ among treatment groups, then including them in the model may influence the apparent effect of treatment group on the outcome. Also, the reduction in the mean square error of a regression model can have implications for sample size or power calculations. For example, in the Peru study, if we model the final plasma zinc concentration or the change in zinc concentrations during the 6-month intervention and control for time of last meal and time of day of sampling, then the mean square error decreases by B6%. Therefore, with the same difference between treatment groups and the same power, one could potentially decrease the sample size by 6%.
It is well established that infection status should be taken into account when measuring and reporting serum zinc concentrations, but we have documented that the time of day and interval since the previous meal can also both affect plasma zinc concentrations and the estimated population risk of zinc deficiency. Therefore, these factors should be controlled when collecting blood specimens for plasma zinc analysis or the results should be adjusted to account for these factors. It should be recognized that the current reference data only report time of the day in crude blocks of time ('AM' or 'PM') and the meal interval as fasting or non-fasting. Thus, it is uncertain as to how best to use the adjusted zinc concentrations for determining the proportion of the population with truly low plasma zinc concentrations. Research is needed in presumably well-nourished populations to determine appropriate reference values for plasma zinc concentrations according to these factors. Nevertheless, these results show that these factors should be incorporated into the planning and statistical analysis of future zinc intervention trials to reduce variability of plasma zinc concentrations, minimize potential confounding by these factors and increase the likelihood of detecting an effect of interventions on plasma zinc concentrations.
